Introduction {#S0001}
============

Breast cancer is the most common malignancy among women and the second leading cause of cancer-related death worldwide, accounting for approximately 22% of all new cancer cases and 13.7% of cancer-related deaths in females.[@CIT0001] In recent decades, the incidence of breast cancer has risen in many developing countries, including China.[@CIT0002],[@CIT0003] There is a high likelihood for the occurrence of metastasis in breast cancer, which is the main cause of death in breast cancer patients.[@CIT0004] Metastasis has been demonstrated as the late stage of progression of breast cancer and involves multiple steps, including invasion. The 5-year survival rate is reduced from 85% in patients with early-stage disease to 23% in patients with late-stage disease.[@CIT0005] Currently, treatments for metastatic late-stage breast cancer are mainly palliative and inefficient due to poor knowledge of the mechanisms of metastasis.[@CIT0006] Therefore, it is of great clinical value to find new biomarkers for diagnosis of early-stage cancers and to identify molecular targets for new therapies. This can be accomplished by the expansion and utilization of our understanding of the molecular mechanisms involved in metastasis.

Previous studies have shown that the NF-κB signaling pathway plays a major role in the malignant biological functions of breast cancer, including metastasis, apoptosis and angiogenesis, which always exhibit a highly sustained state of activation in a variety of tumors, such as breast and lung cancers.[@CIT0007]--[@CIT0009] When the NF-κB signaling pathway is in the resting state, the NF-κB/Rel family protein binds to its inhibitory factor IκB and remains in the cytoplasm.[@CIT0010],[@CIT0011] In response to an external signal, the zinc finger protein A20, which is a ubiquitin editing enzyme that controls ubiquitination and deubiquitination of target proteins, binds to members of the TNIP family, including TNIP1 (TNFAIP3 interacting protein 1), TNIP2 (TNFAIP3 interacting protein 2), and TNIP3 (TNFAIP3 interacting protein 3); subsequently the complex promotes ubiquitination and proteasomal degradation of proteins such as TRAF2, RIP and NEMO, leading to phosphorylation of IκB, and as a result, suppresses NF-κB activation.[@CIT0012],[@CIT0013] However, in breast cancers, the mechanisms that regulate the factors in the negative feedback loop of the NF-κB signaling pathway require further delineation.

MicroRNAs (miRNAs) are a class of small, noncoding, single-stranded RNAs that inhibit gene expression by binding to the 3ʹ-untranslated region (UTR) of target mRNAs at the posttranscriptional level.[@CIT0014],[@CIT0015] It has been reported that miRNAs are involved in various aspects of cancer cell biology, including proliferation, apoptosis, and metastasis.[@CIT0016]--[@CIT0018] Though miRNAs occupy only 20--25 nucleotides of their target sequence, miRNAs regulate a majority of gene expression; therefore, miRNA dysregulation can trigger tumor progression.[@CIT0019] It is widely accepted that miRNAs can function as oncogenes or tumor suppressors by targeting the 3ʹ-UTRs of matched genes.[@CIT0020],[@CIT0021] In tumors, miR-423-5p has been demonstrated to contribute to the development of malignant phenotypes and temozolomide resistance in glioblastoma and promote autophagy in hepatocellular carcinoma cells.[@CIT0022],[@CIT0023] Furthermore, plasma miR-423-5p level has the potential to serve as a novel biomarker for colorectal cancer detection, particularly in the early stage.[@CIT0024] miR-423-5p was observed to be a marker for responsiveness to sorafenib therapy in hepatocellular carcinoma, since 75% of patients with increased plasma miR-423-5p levels achieved partial remission or stable disease after 6 months from the beginning of therapy.[@CIT0023] These results demonstrated the potential role of miR-423-5p in the diagnosis and therapy of cancer. However, the expression and role of miR-423-5p in breast cancer remains to be determined, and is therefore the aim of the present study.

In the present study, we provided evidence for a novel mechanistic link between miR-423 and the oncogenic NF-κB signaling pathway in breast cancer. We found that miR-423 was significantly upregulated in breast cancer and correlated with clinical stage and poor prognosis. Overexpression of miR-423 promoted breast cancer cell invasion in vitro, while downregulation of miR-423 levels inhibited invasion. Furthermore, we demonstrated that miR-423 enhanced the NF-κB signaling activation pathway by directly targeting TNIP2, the vital negative regulator of the NF-κB pathway. Taken together, our results indicated that miR-423 functions as an oncomiR in breast cancer and may represent an important target for clinical intervention in metastatic breast cancer.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

Normal human breast epithelial cells (NBECs) were obtained from Clonetics-Biowhittaker (Walkersville, MD, USA) and cultured in KSFM medium (Clonetics-Biowhittaker). The breast cancer cell lines MCF-10A, MDA-MB-468, T47D, MCF-7, SKBR3, Bcap37 and MDA-MB-231 were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in D-Medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA) and 1% penicillin/streptomycin (Invitrogen) at 37°C in a humidified atmosphere containing 5% CO~2~. These cells were authenticated by short tandem repeat PCR fingerprinting at the Forensic Medicine Laboratory of Sun Yat-Sen University (Guangzhou, China) after experiments were finished.

Patient Tissue Specimens {#S0002-S2002}
------------------------

A group of 157 paraffin-embedded archived breast cancer samples and 2 normal mammary gland samples were collected from the Sun Yat-sen University Cancer Center (SYSUCC) from 2010 to 2012. The clinical and pathological classifications and stages were determined according to the American Joint Committee on Cancer (AJCC) criteria . The histologic grade of each sample was determined according to the Elston-Ellis modification of the Scarff-Bloom-Richardson (SBR) system. To use these clinical materials for research purposes, prior consent from the patients and approval from the Institutional Research Ethics Committee were obtained. The clinical information for the patient samples is summarized in [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}.Table 1Clinicopathologic Features of miR-423 Expression in TCGA Breast Cancer CohortVariableLow miR-423 Expression (n = 446)High miR-423 Expression (n = 447)*P*-value**Age, y, mean ± SEM**57.77 ± 0.5759.08 ± 0.580.11**TNM Stage** I131 (29.37%)26 (5.82%)\< 0.01 II265 (59.42%)255 (57.05%) III48 (10.76%)151 (33.78%) IV2 (0.45%)15 (3.35%)**Tumor Size** T1164 (36.77%)69 (15.44%)\< 0.01 T2241 (54.04%)286 (63.98%) T336 (8.07%)64 (14.32%) T45 (1.12%)28 (6.26%)**Nodes Pathologic** N0266 (59.64%)176 (39.37%)\< 0.01 N\>0180 (40.36%)271 (60.63%)**Metastasis Pathologic** M0444 (99.55%)431(96.42%)\< 0.01 M12 (0.45%)16 (3.58%)[^2] Table 2Clinicopathologic Features of miR-423 Expression in SYSUCC CohortVariableLow miR-423 expression (n = 79)High miR-423 expression (n = 78)*P*-value**Age, y, mean ± SEM**53.08 ± 1.2654.68 ± 1.130.35**TNM Stage** I19 (24.05%)9 (11.54%)\< 0.01 II42 (53.16%)30 (38.46%) III17 (21.52%)32 (41.03%) IV1 (1.27%)7 (8.97%)**Tumor Size** T1/264 (81.01%)51 (65.38%)\< 0.01 T3/415 (18.99%)27 (34.62%)**Nodes Pathologic** N046 (58.23%)29 (37.18%)0.02 N\>033 (41.77%)49 (62.82%)**Metastasis Pathologic** M078 (98.73%)71 (91.03%)0.03 M11 (1.27%)7 (8.97%)[^3]

Plasmids and Transfection {#S0002-S2003}
-------------------------

The TNIP2 3ʹ-UTR was PCR amplified from NBEC RNA and cloned into the *Sac*I/*Xma*I restriction sites of the pGL3-basic luciferase reporter (Promega, Madison, WI, USA) and pGFP-C3 (Clontech, Mountain View, CA, USA) plasmids. The miR-423 mimics, negative control, and anti-miR-423 inhibitor were purchased from RiboBio (Guangzhou, Guangdong, China). pNF-κB-luc and control plasmids (Clontech, Mountain View, CA, USA) were used to quantitatively examine NF-κB activity. Transfection of plasmids was performed using the Lipofectamine 2000 reagent (Invitrogen).

Western Blot Analysis {#S0002-S2004}
---------------------

Western blot analysis was performed according to standard methods using anti-TNIP2, anti-Snail, and anti-twist antibodies. Anti-α-tubulin monoclonal antibody was also applied (Sigma, St. Louis, MO, USA) as a loading control.

RNA Extraction and Real-Time Quantitative PCR {#S0002-S2005}
---------------------------------------------

Total RNA from tissues or cells was extracted using TRIzol (Life Technologies) according to the manufacturer's instructions. Then, cDNA was synthesized from 5 ng of total RNA using the TaqMan miRNA or mRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The expression levels of miR-423 were quantified using the miRNA-specific TaqMan MiRNA Assay Kit (Applied Biosystems). Expression levels were defined based on the threshold cycle (C~t~), and relative expression levels were normalized to U6 small nuclear RNA using the formula 2^−\[(Ct\ of\ miR−423)-(Ct\ of\ U6)\]^. For mRNA analysis, ChamQ SYBR qPCR Master Mix (Vazyme Biotech, China) was used to quantify gene expression. The primers used were as follows: SNAI1 sense (5ʹ-ACGAGGTGTGACTAACTATG-3ʹ) and antisense (5ʹ-CGACAAGTGACAGCCATT-3ʹ), and TWIST1 sense (5ʹ-ACCATCCTCACACCTCTG-3ʹ) and antisense (5ʹ-GATTGGCACGACCTCTTG-3ʹ). Error bars represent the mean ± sd of 3 independent experiments.

Three-Dimensional Spheroid Invasion Assay {#S0002-S2006}
-----------------------------------------

Cells (1 × 10^4^) were trypsinized and seeded in 24-well plates coated with Matrigel (2%; BD Biosciences), and the medium was changed every second day. Microscope images were taken at 2-day intervals for 8 days.

Transwell Matrix Penetration Assay {#S0002-S2007}
----------------------------------

Cells (1 × 10^4^) were plated into the upper chamber of BioCoat Invasion Chambers (BD, Bedford, MA) containing a polycarbonate Transwell filter coated with Matrigel and incubated at 37°C for 22 h. Cells that remained inside the upper chamber were removed using cotton swabs. Cells that had invaded the lower membrane surface were fixed in 1% paraformaldehyde, stained with hematoxylin, and counted (ten random fields per well at 100× magnification). Cell counts are expressed as the mean number of cells per field of view. Three independent experiments were performed, and the data are presented as the mean ± sd.

Wound Healing Assay {#S0002-S2008}
-------------------

Treated MCF-7 SKBR3 and MDA-MB-231 cells were seeded in 6-well plates and cultured to 80% confluence. Thereafter, small linear wounds were created creating a scratch with a disinfected Eppendorf tip. After washing the cell debris with FBS-free medium, images of the wound were captured under a microscope after 24 and 48 h to assess the distance remaining.

TCGA Data Analysis {#S0002-S2009}
------------------

Level 3 miRNA-Seq data of breast cancers were downloaded from the TCGA breast cancer data set portal ([<https://portal.gdc.cancer.gov/>]{.ul}). Among these breast tumor and adjacent normal sample cohorts, miR-423 (miR-423-5p) expression data were extracted, and paired *t*-tests were performed to evaluate significant differences between breast tumor and adjacent normal samples.

Statistical Analysis {#S0002-S2010}
--------------------

All statistical analyses were performed using the SPSS 20.0 statistical software package. Sample size was determined by power analysis to achieve a minimum effect size of 0.5 with a *P* value of \<0.05. The patients were divided into two groups according to whether they exhibited a high (\>the median) or low (≤the median) miR-423 expression level. Survival curves were analyzed by the Kaplan--Meier method, and a Log rank test was used to assess significance. Univariate and multivariate survival analyses were performed using Cox regression analysis. Comparisons between groups were performed using Student's *t*-test, and multiple analyses between groups were performed using ANOVA with Dunnett's *t*-test. All error bars represent the mean ± sd derived from three independent experiments. Data analysis was performed by two independent investigators who were blinded to the sample groups. *P* values \<0.05 were considered statistically significant.

Results {#S0003}
=======

miR-423 Is Upregulated in Human Breast Cancer and Correlates with Poor Prognosis {#S0003-S2001}
--------------------------------------------------------------------------------

By analyzing the miRNA sequencing datasets from The Cancer Genome Atlas (TCGA) BRCA cohort, we found that miR-423 was significantly upregulated in human breast cancer tissues compared to adjacent nontumor tissues (column and paired analyses, *P*\<0.01, respectively, [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). Furthermore, analyses of TCGA BRCA samples from patients with available clinical data showed that expression of miR-423 was upregulated with progressed clinical stage, and a similar trend was also obtained in the Sun Yat-sen University Cancer Center (SYSUCC) cohort (*P*\<0.01, [Figures 1C](#F0001){ref-type="fig"} and [[Supplementary Figure 1A](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). More specifically, analyses of TCGA BRCA and SYSUCC cohorts indicated that miR-423 levels were higher in patients with tumor lymphoid node metastasis or distant metastasis (*P*\<0.01, [Figures 1D](#F0001){ref-type="fig"} and [[Supplementary Figure 1B](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). Moreover, upregulated miR-423 expression was observed in metastatic breast cancer cell lines compared with a normal breast epithelial cell (NBEC) and MCF-10A cell lines ([Figure 1E](#F0001){ref-type="fig"}). Kaplan--Meier analysis and the Log rank test indicated that, stratified by a median cutoff of miR-423 expression, breast cancer patients with high miR-423 expression had shorter OS than those expressing low levels of miR-423 in the TCGA BRCA and SYSUCC cohorts (Log rank test, *P* = 0.021 and *P* \< 0.01, respectively; [Figures 1F](#F0001){ref-type="fig"} and [[Supplementary Figure 1C](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). These data suggest that miR-423 expression is upregulated in breast cancer tissues and cell lines and that a high level of miR-423 is associated with poor prognosis and tumor metastasis in breast cancer patients.Figure 1miR-423 is upregulated in human breast cancer and correlates with poor prognosis. (**A**) Analysis of miR-423 expressions in TCGA BRCA cohort data. (**B**) Analysis of miR-423 expressions between human breast cancer tissues and matched adjacent non-tumor tissues in TCGA BRCA cohort data (number of pairs = 104). (**C**) Analysis of miR-423 expression in different clinical stages of TCGA BRCA cohort data. The boundaries of the boxes represent the lower and upper quartiles, the lines within the boxes and whiskers denote the median and outer limits. (**D**) Analysis of miR-423 expression in different N (node metastasis) and M (distant metastasis) classifications of TCGA BRCA cohort data. The boundaries of the boxes represent the lower and upper quartiles, the lines within the boxes and whiskers denote the median and outer limits. (**E**) Real-time PCR analysis of miR-423 expression in breast cancer cell lines and normal breast epithelial cells (NBECs). Transcript levels were normalized to U6 expression. (**F**) Kaplan--Meier analysis of the correlation between the miR-423 level and the overall survival (OS) of breast cancer patients in TCGA BRCA cohort. Bars represent the mean ± SD of three independent experiments; \*\**P* \< 0.01, \**P* \< 0.05.

miR-423 Increases the Invasiveness of Breast Cancer Cells {#S0003-S2002}
---------------------------------------------------------

To investigate the biological function of miR-423 in breast cancer, we established MCF-7 and SKBR3 breast cancer cell lines with ectopically overexpressed miR-423 ([Figure 2A](#F0002){ref-type="fig"}) and measured the effect of overexpressed miR-423 on cell invasion. The invasive capacity of cells was examined using the Matrigel-coated Transwell penetration assay. In both tested cell lines, overexpression of miR-423 resulted in an increased number of cells that penetrated the gel-membrane barrier ([Figure 2B](#F0002){ref-type="fig"} upper panel and [C](#F0002){ref-type="fig"}, *P*\<0.01). Furthermore, in a three-dimensional (3D) spheroid invasion assay, cells that overexpressed miR-423 had more outward projections than control cells ([Figure 2D](#F0002){ref-type="fig"}, upper panel) and displayed an altered morphology that is typical of highly invasive cells. Moreover, cell migration (measured using a wound healing assay) was increased in MCF-7 and SKBR3 cells that overexpressed miR-423 compared to control cells ([Figure 2E](#F0002){ref-type="fig"}, upper panel). These results demonstrated that miR-423 upregulation promotes the invasion of breast cancer cells.Figure 2miR-423 promotes invasiveness of breast cancer cells. (**A**) Real-time PCR analysis of miR-423 expression in indicated cells. (**B**) Transwell assays performed with indicated cells, scale bar, 100 μm. (**C**) Relative quantification of cells in transwell assays with indicated cells. (**D**) 3D growth capacity showed with indicated cells. (**E**) Time course of wound healing assays performed with indicated cells. Bars represent the mean ± SD of three independent experiments; \*\**P* \< 0.01.

We next transfected a miR-423 inhibitor into highly invasive MDA-MB-231 breast cancer cells, which led to significant repression of miR-423 ([Figure 2A](#F0002){ref-type="fig"}; *P*\<0.01). Consistent with our previous findings, the Matrigel-coated Transwell penetration assay indicated that cells transfected with the miR-423 inhibitor were less likely to pass through the gel-membrane barrier than negative control cells ([Figure 2B](#F0002){ref-type="fig"} lower panel and [C](#F0002){ref-type="fig"}, *P*\<0.01). Furthermore, 3D culture in Matrigel and wound healing assays demonstrated that the invasive ability of MDA-MB-231 cells was significantly decreased following transfection with the miR-423 inhibitor ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}, lower panel). Taken together, our data suggest that miR-423 plays an important role in controlling the invasiveness of breast cancer cells.

miR-423 Directly Targets *TNIP2* in Breast Cancer Cells {#S0003-S2003}
-------------------------------------------------------

To further elucidate the underlying mechanism by which miR-423 promotes breast cancer invasiveness, TargetScan prediction was used and showed that *TNIP2* was one of the conserved targets of miR-423 ([Figure 3A](#F0003){ref-type="fig"}). Notably, TNIP2 mRNA levels were barely altered in breast cancer compared to normal adjacent tissues, which suggested that the expression of TNIP2 might be regulated in a posttranscriptional manner ([[Supplementary Figure 2A](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul} and [[B](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). In light of the aforementioned clues, we observed that ectopic miR-423 expression resulted in decreased TNIP2 protein levels in MCF-7 and SKBR3 cells, while repression of miR-423 in MDA-MB-231 cells increased TNIP2 protein levels, supporting our identification of *TNIP2* as a potential miR-423 target gene ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). To confirm that miR-423 inhibition of *TNIP2* is mediated by binding to the 3ʹ-UTR, we cloned the *TNIP2* 3ʹ-UTR into luciferase reporter plasmids and investigated the effects of miR-423 overexpression and inhibition on reporter activity. miR-423 transfection reduced the luciferase activity of the *TNIP2* 3ʹ-UTR luciferase reporter in MCF-7 and SKBR3 breast cancer cells in a dose-dependent manner ([Figure 3D](#F0003){ref-type="fig"}). The repression of luciferase reporter activity was abrogated when point mutations were generated in the miR-423 seed region of the *TNIP2* 3ʹ-UTR ([Figure 3D](#F0003){ref-type="fig"}). Moreover, transfection of a miR-423 inhibitor increased the basal activity of the *TNIP2* 3ʹ-UTR reporter in MDA-MB-231 cancer cells in a dose-dependent manner ([Figure 3E](#F0003){ref-type="fig"}). Furthermore, cell invasion was significantly enhanced in MDA-MB-231 cells that were cotransfected with miR-423 inhibitor and TNIP2 siRNA compared to cells that were transfected with miR-423 inhibitor alone ([Figure 3F](#F0003){ref-type="fig"}). Taken together, these results showed that TNIP2 is a direct target of miR-423 in breast cancer cells.Figure 3miR-423 directly targets *TNIP2* in breast cancer cells. (**A**) Sequence of the *TNIP2* 3ʹ-UTR shows the miR-423 binding seed region and mutation of the *TNIP2* 3ʹ-UTR seed region. (**B**) TNIP2 protein expression in MCF-7 and SKBR3 cells transfected with miR-423 or negative control (NC). α-Tubulin was used as loading control. (**C**) TNIP2 protein expression in MDA-MB231 cells transfected with miR-423 inhibitor or negative control (NC). (**D**) Relative luciferase activity of MCF-7 and SKBR3 cells co-transfected with increasing amounts of miR-423 mimic oligonucleotides (20 and 50 nM), and the pGL3 control reporter, pGL3-TNIP2-3ʹUTR reporter, or pGL3-TNIP2-3ʹUTR-mu reporter. (**E**) Relative luciferase activity of MDA-MB-231 cells transfected with increasing amounts of miR-423 mimic oligonucleotides (20 and 50 nM) or miR-423 inhibitor oligonucleotides (20 and 50 nM). (**F**) Transwell assay of indicated cells. Bars represent the mean ± SD of three independent experiments; \*\**P* \< 0.01,\**P* \< 0.05.

miR-423 Activates the NF-κB Pathway Through Regulation of TNIP2 {#S0003-S2004}
---------------------------------------------------------------

Since TNIP2 is an important negative regulator of the NF-κB pathway, to further investigate the role of miR-423 in breast cancer malignancy, gene set enrichment analysis (GSEA) of the TCGA BRCA cohort was performed and showed that higher miR-423 levels were positively correlated with the NF-κB-induced gene signature and inversely correlated with the NF-κB-suppressed gene signature ([Figure 4A](#F0004){ref-type="fig"}). In accordance with the results, luciferase reporter assays proved that overexpressed miR-423 significantly enhanced the activity of the NF-κB luciferase reporter activity, whereas the luciferase activity in cells cotransfected with miR-423 and TNIP2 3ʹ-UTR was lower than that in cells transfected with miR-423 alone ([Figure 4B](#F0004){ref-type="fig"}). Consistently, we also observed that upregulation of miR-423 substantially increased the protein and mRNA expression levels of the NF-κB downstream genes snail1 and twist1, whereas coexpression of miR-423 and the TNIP2 3ʹ-UTR resulted in decreased expression of these genes ([Figures 4C](#F0004){ref-type="fig"} and [[Supplementary Figure 3A](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). To further validate whether miR-423 promoted the invasiveness of breast cancer cells by the NF-κB pathway, a plasmid of mutated IκBα was employed to block the activation of the NF-κB pathway. In miR-423-overexpressing cells, the NF-κB luciferase activity of cells transfected with mutated IκBα was repressed ([Figure 4D](#F0004){ref-type="fig"}), and the expression of snail1 and twist1 was also downregulated ([Figures 4E](#F0004){ref-type="fig"} and [[Supplementary Figure 3B](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}). In addition, transwell assays indicated that the invasiveness of MCF-7 cells was inhibited in miR-423-overexpressing cells after transfection with mutated IκBα ([Figure 4F](#F0004){ref-type="fig"}). Furthermore, after transfecting TNIP2 ORF in miR-423 overexpressed MCF-7 cells, we found that the TNIP2 expression was increased ([[Supplemental Figure 4A](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}), and that NF-κB activity was suppressed compared to control ([[Supplemental Figure 4B](https://www.dovepress.com/get_supplementary_file.php?f=236514.doc)]{.ul}), indicating that TNIP2 down-regulation was essential for miR-423 enhanced NF-κB activation. In conclusion, our data suggest that miR-423 activates the NF-κB pathway through regulation of TNIP2.Figure 4miR-423 activates the NF-κB pathway through regulation of TNIP2. (**A**) GSEA plot showing miR-423 expression was positively correlated with NF-κB-induced gene signature and AKT-activated gene signature, and inversely correlated with NF-κB-suppressed gene signature in TCGA BRCA cohorts. (**B**) Luciferase activity of NF-κB activity in indicated cells. (**C**) Western blot analysis of snail1 and twist1 expression in indicated cells, α-Tubulin was used as loading control. (**D**) Luciferase activity of NF-κB activity in miR-423 overexpressing cells with transfected the plasmids of vector or IκBα mutation. (**E**) Western blot analysis of snail and twist expression in miR-423 overexpressing cells with transfected the plasmids of vector or IκBα mutation, α-Tubulin was used as loading control. (**F**) Transwell assays showed the invasiveness of MCF-7 cells was inhibited in miR-423-overexpressing cells after transfected with IκBα mutation. Bars represent the mean ± SD of three independent experiments; \*\**P* \< 0.01,\**P* \< 0.05.

Discussion {#S0004}
==========

In recent decades, it has been generally recognized that TNIP family proteins play an important role in regulating NF-κB pathway activity during cancer progression.[@CIT0025]--[@CIT0027] TNIP2 (also known as ABIN2) was initially discovered in a yeast two-hybrid screen as the binding partner of A20, a negative regulator of NF-κB signaling.[@CIT0028] Overexpression of TNIP2 was reported to inhibit TNFα-induced NF-κB activation and contribute to suppressing cell proliferation in human hepatocellular carcinoma.[@CIT0029] Dong et al reported that A20, TNIP-1/2, and CARD11 mutations have prognostic value in gastrointestinal diffuse large B-cell lymphoma, suggesting that TNIP2 is associated with carcinogenesis.[@CIT0030] Currently, the regulation of TNIP proteins has been emphasized in multiple studies. Zhou et al reported that miR-1180 targets TNIP2 to promote tumor progression during the development of hepatocellular carcinoma.[@CIT0031] In addition, miR-let-7a was shown to regulate USP35 expression, which then inhibited NF-κB activation by deubiquitination and stabilization of TNIP2 protein.[@CIT0032] However, the regulation of TNIP2 in breast cancer has not yet been clearly elucidated. In breast cancers, NF-κB constitutive activation is extensively observed, whereas the mRNA level of the NF-κB negative regulator TNIP2 is barely altered compared to normal tissues, which indicates that TNIP2 may be regulated in a posttranscriptional manner. Our current study determined that the microRNA miR-423 is upregulated in breast cancers and suppresses TNIP2 expression by directly targeting its 3ʹ-UTR. These findings expand our knowledge of TNIP2 regulation in cancers.

Presently, the early diagnosis and treatment of early breast cancer has greatly improved the five-year survival rate for patients with early stage breast cancer (survival rate of approximately 90%). However, the 5-year survival rate for patients with advanced breast cancer is only approximately 23% after tumor metastasis.[@CIT0033] The discovery of effective diagnostic and prognostic biomarkers and therapeutic methods is urgently required for the diagnosis and treatment of breast cancer. Numerous studies have shown that miRNAs may be considered valuable diagnostic and prognostic markers for cancer.[@CIT0034]--[@CIT0036] In this study, we found that miR-423 is significantly upregulated in breast cancers. Additionally, miR-423 expression levels are correlated with breast cancer progression and overall patient survival, indicating that upregulated miR-423 may contribute to the development and progression of breast cancer and may be considered a potential diagnostic and prognostic biomarker.

Tumor metastasis is an important biological feature of malignant tumors and is one of the most important causes of cancer-related death.[@CIT0037] Multiple signaling pathways are involved in regulating the metastasis of cancers, including the NF-κB signaling pathway, which further activates its downstream genes, such as the metastasis-related transcription factors snail and twist.[@CIT0038],[@CIT0039] Large-scale bioinformatics analyses indicated that upregulated miR-423 expression is correlated with NF-κB signaling pathway-altered transcriptional signatures and the metastasis classification of breast cancers. Furthermore, we determined that miR-423 promotes invasion of breast cancer cells by enhancing NF-κB signaling pathway activation and elevating its downstream gene expression. Thus, our findings unveil a novel mechanism that promotes and sustains NF-κB constitutive activation in breast cancers, which further suggests that miR-423 should be considered as a novel target in the therapy of metastasis in breast cancer.

Previously, it was reported that miR-423 was upregulated in some types of cancers, including lung cancer,[@CIT0040] prostate cancer,[@CIT0041] head and neck squamous cell carcinoma.[@CIT0042] However some reports indicated that miR-423 served as tumor suppressor, such as colon cancer,[@CIT0043] ovarian.[@CIT0044] It seemed that the role of miR-423 was quite different dependent on the type of cancers. In breast cancer, miR-423 was reported to be upregulated in breast cancer tissues compared to adjacent normal tissues.[@CIT0045] However, the clinic significance of miR-423 in breast cancer was not clear. In this study, we found that overexpression of miR-423 was correlated with poor prognosis in breast cancer. Besides, in breast cancer, analysis of single nucleotide polymorphisms (SNP) demonstrated that CC genotype in pre-miR-423 reduced the risk of breast cancer.[@CIT0046] And the mutation type, pre-miR-423-12A, obviously correlated with clinicopathologic variables and promoted proliferation.[@CIT0047] Deep sequencing preliminarily indicated that patients with metastasis showed increased expression of miR-423.[@CIT0048] Consistently, in lung adenocarcinoma miR-423-5p was found to be a marker of bone metastasis.[@CIT0049] However, the biological role of miR-423 was still unclear. We found that miR-423 promoted breast cancer cell invasion and further investigated the detailed mechanisms. In the previous studies, miR-423 was found to target MYBL2 in lung adenocarcinoma,[@CIT0040] GRIM-19 in prostate cancer,[@CIT0041] NACC1 in ovarian cancer.[@CIT0044] Our results revealed that miR-423 promoted NF-κB signaling pathway via downregulating TNIP2, and increased the expression of Snail and Twist, providing new insights for the regulation of NF-κB pathway. In the future, we will focus our work on investigate whether miR-423 promoted bone metastasis in breast cancer.

In conclusion, the key findings of the current study provide new insights into the important role of miR-423 overexpression in the activation of the NF-κB signaling pathway and the promotion of breast cancer metastasis by directly targeting TNIP2, the vital negative regulator of the NF-κB pathway. Therefore, our results demonstrate that miR-423 functions as an oncomiR in breast cancer and reveal a novel mechanism for NF-κB activation in breast cancer, which suggests that miR-423 is a potential diagnostic marker and promising therapeutic target for breast cancer, especially in NF-κB-driven breast cancer metastasis.
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